Introduction {#s1}
============

Parkinson\'s disease (PD) is the most common neurodegenerative disorder; it affects 1% of the population aged 65 years of age, and its incidence increases to 3% over 80 years of age. The clinical symptoms of PD include tremor at rest, rigidity, bradykinesia, postural abnormalities and the freezing phenomenon.^[@R01],[@R02]^ The causes of the degeneration of dopamine neurons are largely unknown. To explore the disease mechanisms and develop new therapies for PD, different animal models treated with a number of neurotoxins, such as cyanide, carbon monoxide, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), 6-hydroxydopamine (6-OHDA), 3-nitropropionic acid (3-NP), malonic acid (MA), rotenone, paraquat and azide,^[@R03]^ have been developed. MPTP is a potent neurotoxin, capable of producing PD-like symptoms in humans, non-human primates and some non-primate animals such as mice.^[@R04]^

Epidemiological studies have shown that moderate consumption of wine and smoking can be protective against neurological disorders.^[@R05],[@R06]^ Moreover, *in vitro* and *in vivo* preclinical studies have shown a neuroprotective effect of lyophilized red wine,^[@R07]^ grape polyphenols^[@R08]^ and trans-resveratrol.^[@R09]^ Resveratrol (3, 4, 5-tri-hydroxy-trans-stilbene), a non-flavonoid polyphenol, is naturally present at high concentrations in red wine, grape seeds, berries, knot weed, peanuts and other plants^[@R10]^ and is reported to exert strong neuroprotective effects against many neurological diseases such as ischemia, epilepsy, Alzheimer\'s disease (AD), PD and Huntington\'s disease.^[@R11],[@R12]^ Resveratrol was found to protect neuronal cells from 6-hydroxydopamine,^[@R13]^ 1 -methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP),^[@R14]^ MPP^+,[@R15]^ nitric oxide and B-amyloid, ^[@R16]^ polyglutamine toxicity,^[@R17]^ kainate ^[@R18]^ and global ischemia.^[@R19]^

Motor function is normally measured by performing a number of behavioral tests, specifically, rotarod performance, ^[@R20]^ stride length, ^[@R21]^ the hang test, the open field test and narrow beam walking.^[@R22]^ These methods are reported to be sensitive enough to detect functional impairments in MPTP-administered PD mouse models and to quantify the potential efficacy of treatments designed to restore dopaminergic function. There is increasing evidence indicating that oxidative stress may contribute to several CNS pathologies, including PD, aging and AD.^[@R23]^ The present work was carried out to determine to what extent resveratrol modulates the behavioral deficits and oxidative stress produced by MPTP administration in C57BL/6 black mice, a commonly used experimental PD model.

Methods {#s2}
=======

Animals and standard housing conditions {#s2a}
---------------------------------------

Inbred adult male albino C57BL/6 mice (30-35 g) from the National Institute of Nutrition, Hyderabad, were used in the present study. The animals were kept under 12 h light/dark cycles, at 22°C and 60% humidity with food and water *ad libitum.* The experimental protocols met with the National Guidelines on the *Proper Care and Use of Animals in Laboratory Research*(Indian National Science Academy, New Delhi, 2000) and were approved by the Animal Ethics Committee of the Institute (Approval No. 34-/12-281/2008).

Chemicals {#s2b}
---------

MPTP, resveratrol, thiobarbituricacid (TBA), reduced glutathione and 5, 5-Dithiobis\[2-nitrobenzoic acid (DTNB)\] were procured from Sigma Chemical Co. (St. Louis, MO, USA). All other reagents were of analytical grade and were procured locally.

Experimental procedures {#s2c}
-----------------------

The mice were divided into four groups of twelve animals. The first group of mice was kept as a control. The second group was injected with MPTP for four days (i.p., 30 mg/kg body weight).^[@R24]^ The third group received resveratrol orally (50 mg/kg body weight)^[@R14]^ for seven days and from the fourth day onwards, MPTP (as for group II) was injected i.p. until the seventh day of the experiment. The fourth group received only resveratrol (as for group III) for seven days. At the end of the experiment (eighth day), the following behavioral tests were performed.

Behavioral assessment {#s2d}
---------------------

Open field test {#s2e}
---------------

The mice were placed into one corner of an open field chamber (W100 cmxDIOO cmxH40 cm) made of wood and resin. The floor of this chamber was gridded into 25 cm (5x5) squares and the number of squares crossed (in 5 min) was counted manually in triplicate using a forepaw crossing of a grid line as the criterion (horizontal activity). Vertical activity was measured using the number of observations of grooming and rearing (5 min). The whole study was performed as blind study.^[@R22]^

Rotarod Test {#s2f}
------------

Mice were allowed to adjust their posture in order to maintain their balance on a rotating rod at speeds of 5,10,15 and 20 rpm. The average retention time on the rod was calculated as described previously.^[@R25]^

Hang test {#s2g}
---------

Mice were placed on a horizontal grid and were supported until they held the grid. Then, the grid was inverted so that the mice were allowed to hang upside down. Staying time was measured as described previously.^[@R26]^

Narrow beam walking test {#s2h}
------------------------

Animals were trained to walk on a narrow flat stationary wooden beam (L100 cmxWI cm) placed at a height of 100 cm from the floor. The time taken to cross the beam from one end to the other was counted as described previously.^[@R22]^ The mice were sacrificed using cervical dislocation, and the brain was dissected to procure striatum and midbrain using the method described by Glowinski and Iversen.^[@R27]^ These tissues were used in the following biochemical analysis.

Biochemical estimations {#s2i}
-----------------------

HPLC analysis of dopamine, Dopamine and its metabolites 3,4-dihydroxy phenylacetic acid (DOPAC) and Homovanillic acid (HVA)

Dopamine and its metabolites (DOPAC and HVA) were analyzed using reversed phase ion-pair chromatography combined with electrochemical detection under isocratic conditions. The mobile phase (0.6 mM 1-octanesulfonic acid, 0.27 mM Na.EDTA, 0.043 M triethylamine and 35 ml acetonitrile/L, adjusted to pH 2.95 with H3PO3) was delivered at a flow rate of 0.65 ml/min at 22°C onto the reversed phase column filled with Nucleosil 120-3 C18 (Knaur, Berlin, Germany). Data was calculated by an external standard calibration.^[@R28]^

Thiobarbituric acid reactive substances (TBARS) {#s2j}
-----------------------------------------------

The activity of TBARS was determined as described previously.^[@R29]^ Briefly, the tissue extracts were incubated with 0.2 ml phenyl methosulfate at 37°C in metabolic water bath shaker. After 1 h of incubation, 0.4 ml of 5% tricarboxylic acid and 0.4 ml of 0.67% thiobarbituric acid were added. The reaction mixture was centrifuged at 4000 rpm for 15 min, and the supernatant was boiled for 10 min. After cooling, the samples were read at 535 nm. The rate of lipid peroxidation was expressed as nmol of TBARS formed/h/g tissue.

Superoxide dismutase (SOD) {#s2k}
--------------------------

SOD activity was assayed using an indirect inhibition assay, in which xanthine and xanthine oxidase serve as a superoxide generator, and nitro blue tetrazolium (NBT) is used as a superoxide indicator. The assay mixture consisted of 960 μl of 50 mM sodium carbonate buffer (pH 10.2) containing 0.1 mM xanthine, 0.025 mM NBT, and 0.1 mM EDTA, 20 *μ*l of xanthine oxidase and 20 *μ*l of the brain supernatant. Changes in absorbance were observed spectrophotometrically at 560 nm. The activity was expressed as units/min/mg protein.[@R30]

Catalase {#s2l}
--------

Catalase activity was assayed by measuring the rate of decomposition of hydrogen peroxide at 240 nm.[@R31] The assay mixture consisted of 50 *μ*1 of M Tris-HCI buffer (pH 8.0) containing 5 mM EDTA, 900 £\<l of 10 mM H~2~0~2~.30 *μ*l of MQ water and 20 *μ*l of the brain tissue supernatant. The rate of decomposition of hydrogen was observed spectrophotometrically at 240 nm. The enzyme activity was expressed as nmol of hydrogen peroxide decomposed/min/mg protein.

Glutathione peroxidase (GPx) {#s2m}
----------------------------

The GPx assay mixture consisted of 100 *μ*l of M Tris-HCI (pH 8.0) containing 5 mM EDTA, 20 *μ*l of 0.1 M GSH, 100 *μ*l of GSH reductase solution (10 units/ml), 100 *μ*l of 2 mM NADPH, 650 *μ*l of distilled water, 10 *μ*l of 7 mM tert-butyl hydroperoxide and 10 *μ*l of the brain supernatant. Oxidation of NADPH was determined spectrophotometrically at 340 nm. One unit of activity was defined as the amount of GPx required to oxidize 1 *μ*mol of NADPH per min.[@R32]

Reduced glutathione {#s2n}
-------------------

The level of GSH in the brain homogenate was measured by the method described by Jollow *etal.[@R33]* Brain tissue homogenate was centrifuged at 16,000xg for 15 min at 4°C. The supernatant (0.5 ml) was added to 4 ml of ice-cold 0.1 mM solution of 5,5-Dithiobis \[2-nitrobenzoic acid (DTNB)\] in 1 M phosphate buffer (pH8).The optical density was read at 412 nm in a spectrophotometer.

Statistical analysis {#s2o}
--------------------

All the data were expressed as mean±SD of the number of experiments (n = 6). Statistical significance was evaluated using one-way analysis of variance (ANOVA) using SPSS version 10.0 software, and individual comparisons were obtained using Duncan\'s Multiple Range Test (DMRT). Values were considered statistically significant if p \< 0.05.

Results {#s3}
=======

[Figure 1](#F1){ref-type="fig"} shows the levels of dopamine and its metabolites (DOPAC and HVA) in corpus striatum of the normal and experimental groups. The levels of these metabolites in the striatum were significantly depleted in PD mice (group II) as compared to control animals. Oral administration of resveratrol to MPTP-exposed mice (group III) significantly improves DOPAC and HVA levels as compared to group II animals. [Table I](#tbl1){ref-type="table"} depicts the levels of TBARS and GSH and the activities of SOD, catalase and GPx in the substantia nigra of the normal and experimental groups. The levels of TBARS and the activities of SOD and CAT in corpus striatum were significantly elevated, and the levels of GSH and the activities of GPx were significantly diminished in MPTP-treated animals (group II) as compared to control. Prior administration of resveratrol to MPTP-treated mice (group III) tends to reverse the oxidative stress.

###### Changes in the levels of TBARS, GSH and activities of SOD, catalase and GPx in midbrain of control and experimental mice.

  Groups/Variables                      Control            MPTP               MPTP+RES           RES
  ------------------------------------- ------------------ ------------------ ------------------ ------------------
  **TBARS (nmoles /g** of wet tissue)   **1.55±0.10^a^**   **3.78±0.30^b^**   **2.31±0.22^c^**   **1.49±0.14^a^**
  GSH (g/ g of wet tissue)              12.5+1.21^a^       6.19±0.60^b^       9.11±0.93^c^       12.7±1.2^a^
  GPx (U^A^/mg protein)                 12.1±1.32^a^       7.79±.70^b^        9.01±0.85^c^       13.31±1.12^a^
  SOD (U^B^/mg protein)                 1.41 ±0.12^a^      4.15±0.40^b^       3.55±0.35^c^       1.46±0.21^a^
  Catalase (U^c^/mg protein)            1.8±0.19^a^        2.6±0.28^b^        2.19±0.17^c^       1.86±0.10^a^

[Figure 2](#F2){ref-type="fig"} shows the significant reduction (p\<0.05) in peripheral movements, rearing and grooming in MPTP-injected animals (group II) when compared to controls. Administration of resveratrol (group III) to the MPTP-lesioned mice significantly increased the activity of the mice in the open field test (p \< 0.05).

[Figure 3](#F3){ref-type="fig"} shows that MPTP treatment increased beam-crossing duration and reduced hang time as compared with control mice (group I). Administration of resveratrol (group III) to the lesioned animals significantly reduced crossing time and increased hang time (p\<0.05), which indicates an improvement in motor function.

PD mice showed a significant reduction in retention time on the rotarod compared to controls. Administration of resveratrol to the PD mice for 7 days improved the retention time in the PD mice compared to the resveratrol-untreated PD mice ([Figure 4](#F4){ref-type="fig"}).

![(a,b,c) shows the levels of neurochemicals in control and experimental mice.](ANS1017-0304-17-113-g001){#F1}

Discussion {#s4}
==========

The hallmark of **PD** is a severe reduction in dopamine and its metabolites in all regions of the striatum, basal ganglia, substantia nigra pars compacta and reticulata. Moderate losses of dopamine are found in the lateral hypothalamus, medial olfactory region and amygdaloid nucleus.[@R34] In the non-degenerative neurons in patients with PD, dopamine turnover appears to be greatly increased, judging from the concentrations of HVA in the nerve terminals in the striatum which is consistent with our results and the cell bodies and dendrites in the substantia nigra.[@R35]

![(a,b) shows the behaviour of control and experimental mice in open field test.](ANS1017-0304-17-113-g002){#F2}

![(a,b) shows the time taken to cross beam and hang.](ANS1017-0304-17-113-g003){#F3}

![shows the retention time of mice in rotorod at different rpm (5,10,15,20).](ANS1017-0304-17-113-g004){#F4}

The present results showed that MPTP treatment increased lipid peroxidation in the brain and increased the activities of SOD and catalase. Acute treatment of MPTP caused a significant enhancement in the levels of TBARS and increased the specific activity of SOD and CAT in both striatum and midbrain. [@R36],[@R37] Elevations in oxidative products, such as lipid peroxides,[@R38] protein carbonyls [@R39] and products of nucleic acid 8-hydroxyguanosine [@R40] have been observed in the substantia nigra of PD patients.

Human postmortem analysis has revealed increased lipid peroxidation and SOD activities along with elevated free iron levels in the substantia nigra of Parkinsonian patients.[@R41] This increase may reflect an adaptive response due to a leakage of superoxide anion resulting from mitochondrial respiration impairment, as suggested by[@R42] Thiffault ef *al.* In the present study, MPTP-treated animals showed marked depletion of GSH in the midbrain, which is in support of previous findings in other strains of mice.[@R28],[@R43],[@R44] The activity of GPx was found to be reduced in our experiment, which is consistent with previous experiments. [@R45] The decreased levels of GSH and GPx in MPTP-lesioned mice in our study also confirm that MPTP induces a state of oxidative stress in the brain. Interestingly, treatment of PD mice with resveratrol produces a notable improvement in the levels of GSH and GPx in the PD mouse.

The behavioral effects of PD are closely linked to the degree of neuronal dysfunction. [@R46] Studying behavioral deficits in animal models of PD is of particular interest in order to investigate the relationship among neuronal degeneration, the effectiveness of potential therapeutics, brain recovery processes and corresponding behavioral changes. Rotarod performance, [@R25] stride length [@R21] and the pole test [@R47] have also been reported as sensitive methods that measure more complex motor function in both acute and chronically administered MPTP mouse models. The rotarod test, which requires animals to balance and walk on a rotating cylinder, is widely used to measure coordinated motor skills,[@R48] and it has also been employed in the MPTP mouse model. MPTP-treated mice cannot maintain their balance on a rotating rod, two days [@R49] or even hundred days after treatment.[@R20],[@R25] In the majority of open field studies, decreases in locomotion and/or rearing following treatment with MPTP were found, which indicates hypokinesia. Such hypoactivity was found within 30 min after treatment with MPTP [@R50] and persisted 40 weeks after treatment. [@R51] The beam-walking task has the ability to assess fine motor initiation, coordination and postural balance of an individual animal. Previously, the beam-walking apparatus has been used to detect sensorimotor impairments in rat models of stroke, [@R52] transgenic mouse models of Parkinson\'s and Huntington\'s disease [@R53],[@R54] and aged rats with altered dopaminergic function.[@R55] The hang test is the indicator for neuromuscular strength. [@R26] A significant reduction in hang time was found in MPTP-injected animals. Pre-administration of resveratrol to the lesioned animals modulates these behavioral changes significantly. The cells of the midbrain use dopamine (a neurotransmitter, or chemical messenger between brain and nerve cells) to communicate with the cells in another region of the brain called the striatum. Thus, a reduction in nigral dopamine levels results in a decrease in stratial dopamine that is believed to cause PD symptoms. [@R23] Pretreatment with resveratrol tends to recover the behavior of MPTP-exposed mice by restoring dopamine levels.

The pathogenesis of Parkinson\'s disease is multifactorial with toxic reactions including inflammation, glutamatergic toxicity, dysfunction of mitochondrial activity and of the ubiquitin/proteasome system, activation of apoptosis pathways, elevation of iron and nitric oxide and alteration of the homeostasis of antioxidants/oxidation [@R56] found that a resveratrol-rich diet prevented the depletion of striatal DA in an acute MPTP mice model of PD. Recent evidence indicates that inhibition of oxidative stress and neuroinflammation by resveratrol can prevent, in part, the degeneration of DA neurons in mixed glial-neuron cell cultures [@R57] In cerebellar neurons, the antiapoptotic actions of resveratrol are mainly mediated by its antioxidant properties, [@R58],[@R59] which may impact regulatory systems, such as mitochondrial superoxide dismutase. [@R60] In resveratrol and MPTP-treated mice, we noted a substantial decrease in oxidative stress and an improvement in behavior patterns and neurochemical levels. Finally, our present findings and other data [@R61],[@R62] demonstrate that naturally occurring and pharmacologically active molecules like resveratrol might be regarded as powerful complementary and/or preventive therapies for neurodegenerative diseases.
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